This article experimentally and numerically investigates the thermal performance of a 2350-kW completely enclosed motor, which is cooled through an air-to-air heat exchanger. The air in the heat exchanger includes external and internal flow paths. The external air driven by the rotation of the centrifugal fan goes through the heat exchanger mounted on the top of the frame. The internal air absorbs heat released from the stator and the rotor and then transfers the heat to the heat exchanger through the motion of two axial fans and the rotor. Several test rigs have been set up to measure the performance of the fan and the motor. The Fluent software package is adopted to analyze the complicated thermal-fluid interactions among the centrifugal fan, two axial fans, heat exchanger, stator, and rotor. The measured data, including the fan performance curves and the temperature profiles of the heat exchanger and the stator, show good agreement with the simulated results. The numerical calculations also show that the nonuniform external flow distribution through the heat exchanger and the air leakage between the axial fan and the rotor reduces the cooling ability of the motor. A detailed discussion is also included to improve the motor cooling performance.
Introduction
Thermal dissipation becomes a key consideration in the operation of large motors, since overheating will result in a decrease of the motor's lifetime. Having information for the flow and temperature fields inside the heat exchangers and the temperature distributions of rotor and stator through experimental testing is expensive and difficult. Therefore, a Computational Fluid Dynamics (CFD) software package is useful for investigating the complicated thermal-fluid interaction problems inside the motor.
Many papers have used CFD simulation methods and experimental testing methods to investigate the performances of the fan and the small motor. Amaon et al. [1] applied experimental testing and simulation to explore the unsteady flow generated by an axial fan. Younsi et al. [2] performed numerical and experimental analyses to discuss the influence of impeller geometry on the unsteady flow in a centrifugal fan. Asuaje et al. [3] and Zhou et al. [4] used computational fluid dynamics to predict the flow and pressure fields in the centrifugal pump. In addition, optimization of the fan performance was also investigated through the theory model [5] . Liao et al. [6, 7] provided CFD results for thermal and flow analysis to optimize the thermal performance of the motor. Wu et al. [8] adopted computational and experimental results to analyze the thermal performance of small electric motors. However, the simulation results in small motors cannot be applied to large motors.
The present article experimentally and numerically investigates the thermal performance of a large motor with a capacity of 2350 kW. The article is divided into three parts. In the first part, the performances of centrifugal and axial fans are demonstrated in order to provide the performance curves for motor simulation. Then, the temperature distributions of the heat exchanger and motor stator are simulated and compared with the experimental data. Finally, the whole motor's flow fields, pressure fields, and temperature profiles in the stator and rotor are discussed. A strategy to improve the thermal performance of the motor is also proposed. 
Experimental Testing and Simulations
In this study, the 2350-kW completely enclosed air-toair cooled motor with dimensions 2435 mm × 1321 mm × 2177 mm, as shown in Figure 1 , is investigated. The motor includes a centrifugal fan, two axial fans, a shaft, a stator, a rotor, and a heat exchanger with 637 cooling tubes. There are two flow paths in the heat exchanger: the internal and external flows. As shown with the blue arrows, the external flow is driven by the rotation of the centrifugal fan, which is mounted externally to the frame on the motor shaft. The external air flows through the 637 tubes of the staggered heat exchanger mounted on top of the motor. The red arrows in Figure 1 show the internal air circulated by two axial fans on each side of the shaft and cooled by the heat exchanger. Several test rigs have been set up to measure the performance of the centrifugal fan, axial fan, and motor. The centrifugal fan with twelve blades and the axial fan with nine blades are first tested through a Chinese National Standards (CNSs) 2726 test apparatus. The purposes of these tests are to get the fan performance curves and compare them Figure 2 shows the three-dimensional (3D) view of the enclosed air-to-air cooled motor. It indicates the measured temperature locations of the external air from number 1 to 9 and of the internal air from letter A to E in the heat exchanger. Figure 3 illustrates the four cross sections at the stator to measure the average temperatures. This includes the iron core temperatures at cross Sections 2 and 3 and the copper winding temperatures at cross Sections 1 and 4. Adjusting the power supply offers the necessary power to the system with a rotating speed of 1800 rpm. The flow rate of the external air is measured by the anemometer at the outlet of the 637 cooling tubes.
The Fluent commercial software package is adopted to simulate the flow, pressure, and temperature fields of the 2350-kW enclosed air-to-air cooled motor. Due to the complex geometry of this motor, unstructured or hybrid meshes are employed. Testing the grid density is also necessary to confirm the accuracy of the numerical results. The physical model is assumed to be an incompressible flow with constant properties. In the calculation, the k-ε turbulent model with suitable boundary conditions is adopted by using an implicit segregated steady-state solver. With a rotating speed of 1800 rpm, the package function of moving the reference frame replaces the motion of the two axial fans, rotor, and shaft. For the temperature calculation, the energy function is actuated in the simulated process. In addition, a second upward scheme is used to get more accurate results. The under-relaxation parameters are set at 0.3 for pressure and 0.6-1 for momentum, k-ε , and energy. A calculation is converged when the residuals are below the specified convergence criterion.
Results and Discussion
In this section, the performance of the axial fan, centrifugal fan, heat exchanger, stator, and rotor will be discussed. The simulated results will be compared with the experimental data to verify the numerical predictions. Then, modifications of the present design are also proposed to enhance the thermal performance of the 2350-kW enclosed air-to-air cooled motor.
Fans. Figures 4(a) and 4(b)
indicate the variations of static pressure and power input at different mass flow rates for the axial fan and the centrifugal fan, respectively. As the static pressure of the axial fan decreases from 32.8 mmAq to 0.9 mmAq, the calculated mass flow rate changes from 0 kg/s to 3.4 kg/s. When the static pressure of the centrifugal fan decreases from 232 mmAq to 2.6 mmAq, the calculated mass flow rate increases from 0 kg/s to 4.49 kg/s. The computed mass flow rates of the axial and centrifugal fans are 2% and 6% greater than the experimental data.
The power input is calculated from
where O p is the power input, ω is the angular velocity of the fan, and M is the torque imposed on the fan. As shown in Figure 4 , the power input of the axial fan at the mass flow rate of 3.4 kg/s has the highest value, which is 2.87 kW, and at the mass flow rate of 1.836 kg/s has the lowest value, which is 2.31 kW. The power input of the centrifugal fan has the largest value of 7.64 kW at the mass flow rate, 4.49 kg/s, and the smallest value of 2.6 kW at the zero mass flow rate. Compared with the experimental data, the deviation of the calculated power output is 6% for the axial fan and 5% for the centrifugal fan.
The fan performances at different speeds from 1500 rpm to 3600 rpm are also calculated. The results of the flow rates and torques of the axial fan vary from 0.99 m 3 /s to 4.73 m 3 /s and from 8.3 N-m to 51.6 N-m, respectively. The results of the flow rates and torques of the centrifugal fan are from 2.67 m 3 /s to 7.37 m 3 /s and from 30.6 N-m to 174.4 N-m, respectively. According to the fan laws, the mass flow rate is linearly proportional to the rotating speed. The torque is related to the square of the rotating speed. The simulated results follow the fan laws. From the fan law equation, the axial fan performance and the centrifugal fan performance can be predicted at other rotation speeds. Then, the equations of the axial fan can be expressed as follows:
The equations of the centrifugal fan can be shown as follows: where Q is the volumetric flow rate and N is the rotation speed. Equations (2)-(5) will be applied to the Fluent software package to simulate the 3D motor cooling performance. It is also observed from the simulated results that the flow field at the large fan static pressure exhibits reversed flow between the blades, which collides with the blade surface and reduces the effective flow area. These surge phenomena decrease the motor cooling capacity. When the fan static pressure is small, the air between the blades goes through the blade surface smoothly.
Heat Exchanger.
To observe the flow distributions of the external air through the heat exchanger, the outlet of the cooling tubes is specified with nine blocks, as shown in Figure 5 . Each block includes 64 cooling tubes. Because the flow fields in the original design have nonuniform phenomena, we also provide a new design for the guide vanes. Figures 6(a) and 6(b) illustrate the guide vanes of the original and modified designs. After the design is modified, the number of guide vanes changes from two to four in Figure 6 (b). Figure 7 presents the mass flow rate distributions. The mass flow rate in each block of the heat exchanger obviously exhibits nonuniform distributions in the original design. The external air mainly concentrates on blocks 1 and 7, while blocks 2, 5, and 8 have a lower mass flow rate. The comparison between the experimental and calculated results is about 6% precision. As shown in Table 2 , the simulated results of the mass flow rate in the modified design have more uniform behavior than that of the original design. The temperature profiles at the heat exchanger are also obtained from the model predictions and experiment testing. The lump model and 3D model are adopted to predict the thermal performance of the heat exchanger. The lump energy balance equation for the external air in the heat exchanger is
where q is the total heat generation rate,ṁ c is the mass flow rate of the external air, C p is the specific heat, T c,out is the air outlet temperature, and T c,in is the air inlet temperature. The energy equation of the heat exchanger can also be written as
where U is the overall heat transfer coefficient, which can be obtained from the heat transfer coefficients of convection and conduction [9, 10] . In (7), A is the heat transfer area, T h,in is the internal air inlet temperature, and T h,out is the internal air outlet temperature. In the lump model calculation, the total heat generation rate in this motor is 78 930 W, as shown in Table 1 . In Table 3 , the inlet temperature of the external air is 28
• C, and the mass flow rate is 4.4 kg/s, which are determined from the experimental data. Based on the lump model, the outlet air temperature is 46
• C, which is smaller than 4
• C in comparison with the experimental results. According to (7) , the inlet and outlet temperatures of the internal flow are calculated as 97
• C and 60
• C, respectively. Compared with the experimental results, the outlet temperature is the same, and the inlet temperature is 6
• C higher. In addition to the lump model calculation, the temperature fields of the original and modified designs on the basis of the 3D heat exchanger model are also calculated using the Fluent software package. As listed in Table 3 , the air inlet temperatures of the external and internal air are 
28
• C and 91 • C, which are from the experimental results. From the calculated results of the original design, the air outlet temperatures of the external flow and the internal flow are 49
• C and 61
• C. The comparison between the experimental and calculated results is about 8% precision. For the modified design, the air outlet temperature of the external flow increases to 52
• C, and the air outlet temperature of the internal flow decreases to 58
• C, which mean that the uniform velocity distributions through the new guide vane design can improve the cooling ability of the heat exchanger.
Temperature Profiles of Rotor and Stator.
The temperature profiles of the rotor and the stator are predicted from the given flow fields inside the motor. First, we use the Fluent software package to simulate the 3D motor model, including the fans, heat exchanger, stator, and rotor, at the conditions of constant temperature. The calculated results demonstrate that the flow and pressure fields at the bottom 6 International Journal of Rotating Machinery of the whole motor have a smaller flow rate and larger pressure when compared with other locations within the motor, meaning that the temperatures in the lower area of the motor have higher values. Flow profiles calculated from the Fluent software at the rotor and stator serve as the boundary conditions. The heat generation rates of the iron core and copper winding are also given for the rotor and stator, which are listed in Table 1 . The temperature profiles of the rotor and stator can be determined from the software calculation. Table 4 shows the numerical and experimental results for the average temperatures of the iron core and copper winding in the stator. The calculated iron core temperatures at cross Sections 2 and 3 are 112
• C, which are higher than the experimental measurements by 1
• C. The copper winding temperatures at cross Sections 1 and 4 in the experimental results are 112
• C and 138
• C, which are higher than 2
• C and 7
• C in comparison with the calculated results. Table 5 provides the iron core and copper winding average temperatures in the rotor, which are also divided into four cross sections, as shown in Figure 3 . Since the cross Sections 1 and 4 are much closer to the axial fans, the average temperatures are lower than those at cross Sections 2 and 3. Moreover, the temperature at cross Section 4 is higher than that at cross Section 1, because the external air absorbs heat from the internal air above cross Section 1 first. Then the air flows above cross Section 4 with lower cooling ability to exchange heat with the internal air, so that T h2,out is higher than T h1,out , as shown in Figure 1 . Figure 8 illustrates the effect of air leakage on the motor cooling performance. Due to the clearance existing between the axial fan and rotor, the air Q 1 from the axial fan is equal to the air Q 2 flowing to the shaft, rotor, and stator and the air leakage Q 3 , as shown with a dashed line, flowing through the clearance. Only the flow rate Q 2 into the shaft, stator, and rotor has a cooling effect on the motor. Therefore, the leakage effect inside the motor decreases the flow rate of the internal air Q 2 , which influences the cooling capacity of the motor. To overcome this problem, changes in the clearance between the axial fan and the rotor are discussed. As shown in Figure 8 , the distance L of the original design between the two axial fans is 1430 mm, while the rotor length is 1147 mm. Figure 9 depicts the relationships of the internal flow rate Q 2 and the flow rate ratio, Q 2 /Q 1 , with clearance ranging from 203 mm to 313 mm. An optimum distance between the axial fan and the rotor exists. As seen in Figure 9 , the optimum distance is 253 mm, and the flow rate has a maximum value of 2.35 m 3 /s. At the optimum distance, the flow rate ratio is 84%, meaning that the maximum internal air Q 2 into the shaft, stator, and rotor has the best cooling ability, since the air leakage Q 3 is the smallest. As the clearance becomes larger than the optimum clearance, the larger space between the axial fan and the rotor increases the air leakage, which decreases the flow rate Q 2 . When the distance becomes smaller than the optimum distance, the small channel between the axial fan and the rotor increases the flow resistance, which reduces the air flowing to the stator and the rotor.
Through the new design of guide vanes, shown in Figure 6 (b), and the optimum distance of 253 mm between the rotor and the axial fan, the temperature profiles of the stator and rotor are also recalculated. As listed in Tables  4 and 5 , the temperatures decrease 3
• C at cross Section 1 and 5
• C at cross Section 4. For cross Sections 2 and 3, the temperatures also decrease 5
• C.
Conclusions
This article experimentally and numerically investigates the thermal performance of a 2350-kW enclosed air-toair cooled motor. The fan performances and temperatures of the heat exchanger, rotor, and the stator are numerically determined, which are in good agreement with the experimental data. Due to the nonuniform behavior of the external air and air leakage of the internal air, the original motor design cannot operate at the best conditions. The designs with modified guide vanes and optimum clearance between the rotor and the axial fan demonstrate that the temperatures of the rotor and stator can decrease 5
• C. The new design of the guide vanes makes the flow distributions uniform. Two axial fans with optimal distance operate at the maximum flow rate into the shaft, stator, and rotor, which increases the cooling ability. The present results provide useful information to designers regarding the complex flow and thermal interactions in large-scale motors. 
Subscripts c:
Cold external air h: Hot internal air i:
Outer Out: outlet.
